The systematic status of the green and the red forms of Tetranychus urticae Koch is still unresolved because the ability of the two forms to interbreed varies considerably depending on the populations used. First, to investigate the hybrid fertility between the two forms in the laboratory, we interbred them for five generations. The hybrids produced showed relatively lower fitness (lower hatchability, lower proportion of female adults and lower production of fertile offspring) than their parents, and in some crossings, no female offspring emerged. Second, we used phosphoglucoisomerase (PGI) allozymes as genetic markers to analyze the temporal changes in hybridization of the two forms under semi-natural conditions. The temporal changes of hybridization were analyzed by the F-statistic. Intra-form mating was initially predominant, but as the number of damaged leaves increased, inter-form mating increased because the mites dispersed more frequently. However, as the fitness of hybrids from inter-form mating was much lower than that from intra-form mating, most hybrids were unable to produce offspring or had become extinct on the rose leaves. Thus, the gene flow between the two forms appears to be extremely restricted, indicating that a strong genetic differentiation is present between the two forms.
INTRODUCTION
The two-spotted spider mite, Tetranychus urticae Koch, is an important pest of many agricultural crops, and is found in most parts of the world (Helle and Sabelis, 1985; Ehara and Shinkaji, 1996) . It is known to occur in two color forms: one is the green form that has green summer females, and the other is the red form that has reddish females. For a long time, the red form was considered to be another species, T. cinnabarinus (Boisduval), but morphological differences between T. urticae and T. cinnabarinus are few (Dosse and Boudreaux, 1963) and reproductive isolation between the two forms has been proven to be incomplete, so that T. cinnabarinus is synonymous with T. urticae (Dupont, 1979; De Boer, 1985) . However, the systematic status of the green and the red forms of T. urticae has been debated among acarologists because the two forms have been found to vary from being almost completely reproductively isolated to being almost compatible (Keh, 1952; Boudreaux, 1956; Dillon, 1958; Helle and van de Bund, 1962; Saba, 1975; Smith, 1975; Jordaan, 1977; Murtaugh and Wrensch, 1978; Dupont, 1979; De Boer, 1982a, b; Gotoh et al., 1993; Gotoh and Tokioka, 1996) . Reproductive incompatibility is expressed in terms of a male-biased sex ratio in F 1 (i.e., a reduced fertility in parent females), F 1 female sterility and a reduced hatchability in both male and female F 2 hybrids (De Boer, 1985) . Furthermore, incompatibility is revealed through a reduced fecundity of F 1 and F 2 females (De Boer, 1981; Young et al., 1985; Gotoh and Tokioka, 1996) . Accordingly, acarologists have considered these two forms to be different species (van de Bund and Helle, 1960; Helle and van de Bund, 1962; Smith, 1975) , semi-species (Goka et al., 1996) , or one species (Dupont, 1979; Fry, 1989) . There are some examples of two or more sympatric strains or species that are morphologically indistinguishable and that can hybridize in the laboratory, but between which gene flow is restricted in the field (De Bach, 1969; Katakura, 1981; Katakura et al., 1981 Katakura et al., , 1989 . Therefore, to determine whether the two forms of T. urticae are conspecific or not, it is necessary to investigate hybrid fertility and gene flow between them in the laboratory and the field.
In the present study, to clarify whether interbreeding between the two forms occurs and whether their hybrids can successfully produce fertile offspring in succeeding generations, hybridization was first carried out for five generations in the laboratory. Previous studies of crossings between the green and the red forms of T. urticae were carried out for only one or two generations, except for De Boer (1982a) who observed hybrid affinities at about 20 generations. Second, we attempted to experimentally determine whether gene flow occurs between the two forms by keeping them together on rose plants growing in an isolated vinyl-house. An indirect approach to estimate the amount of gene flow in natural populations is to examine allele frequencies (Slatkin, 1987; Korman et al., 1993) . Hinomoto and Takafuji (1995) confirmed that no difference occurred in fitness between the two alleles of phosphoglucoisomerase (PGI) for the green form of T. urticae. They also showed that using the allozyme variability as a genetic marker was useful for analyzing the genetic structure of mite populations Takafuji, 1994, 1995) . PGI is a dimeric enzyme with two co-dominant alleles (F and S) that are easy to analyze (Goka and Takafuji, 1995) . Therefore, we used PGI alleles to analyze the temporal changes in hybridization of the two forms of T. urticae in a small area.
MATERIALS AND METHODS
Mites. The green form was collected at Kitsuregawa (36°47ЈN-139°59ЈE), Tochigi, on August 13, 1992 from hop (Humulus lupulus L.), and the red form was collected at Inzai (35°52ЈN-140°11ЈE), Chiba, on June 3, 1993 from carnation (Dianthus caryophyllus L.). Each form was separately maintained on leaf discs (ca. 25 cm 2 ) of the kidney bean (Phaseolus vulgaris L.) at a 16L-8D photoregime, 60-70% R.H. and under 25Ϯ1°C. Two strains of mites with homozygous PGI genotypes were used. One was the green form with an S/S genotype and the other was the red form with an F/F genotype. Breeuwer (1997) reported that Wolbachia infection in the red form of T. urticae causes reproductive incompatibility between uninfected females and infected males. Of the two strains used in this study, only the green form was infected with Wolbachia, but the bacteria were a modification negative strain that had no effect on the reproductive incompatibility (Gotoh et al., 1999) .
Crossing. To determine how many hybrids between the two forms can produce fertile offspring over five generations, basically the same type of four series of crossings were carried out for progenies obtained from the crosses between the green (G) and the red (R) forms. In some crosses for which there were not enough female offspring, another set of crosses was made to obtain hybrid females. For crosses of the same type, only one cross was carried out: e.g., RGG-4 is equal to RGR-4, so that only the latter cross was done. In RGG-4 and RGR-4 crosses, males arise from unfertilized haploid eggs or have only a maternal set of chromosomes. In addition to these, there were 95 other pairs of crosses.
Females in the teleiochrysalis stage were obtained from each cross and each female was transferred onto a small leaf disc (ca. 4 cm 2 ) with a male adult from the same or a different cross. The males were removed 2 d after adult emergence of the females. After oviposition started, each female was allowed to lay eggs for 5 d and then removed. Eggs on leaf discs were checked every day to determine hatchability, survival rate and sex ratio. As many females were picked up at the teleiochrysalis stage for use in the crossing experiments, the body color of these females was recorded after each experiment had finished. The other females that emerged were kept with males and their body color was recorded at 5-10 d after emergence. Body color was divided into three categories: green, red and bright red. Hybrid females having the same bright red color as the diapause individuals did not oviposit.
Based on the minimal rates obtained from the intra-form cross reported by Gotoh and Tokioka (1996) , we regarded a pair as compatible when hatchability was Ն72%, survival rate from larva to adult was Ն88% and the proportion of female adults obtained was Ն62%.
Introduction of mites. Fifteen rose plants (cv. Blue Moon) were individually planted in flowerpots (21 cm diameter). The pots were placed in an array of 3 rows (A-C) and five columns (1-5) in a screen enclosure, which was set up in a vinylhouse on the Ibaraki University campus (Fig. 1) . Folded vinyl walls were set up around the group of flowerpots to prevent the immigration of other mites (Inoue, 1990) . On May 5, 1997, 30 adult females (3-5 d old) of the red form were placed on one leaf of the rose in pot B2. Similarly, 30 females of the green form were put on the rose in pot B4 (Fig. 1) . The number of adult females was directly counted on all leaves of the 15 roses with a hand lens (ϫ10) at one-week intervals during 38 consecutive weeks. At each census date, all leaves were classified into three types based on the amount of feeding damage: undamaged leaves, lightly damaged leaves showing feeding near veins and surrounding areas with remaining greenish color, and heavily damaged leaves showing severe feeding signs and chlorosis. There were only minor differences in development and reproduction rates between the green and the red forms when they were reared on hybrid tea rose, Rosa sp. (cv. Blue Moon; unpublished data). Furthermore, males of each Japanese form showed an equal preference for female teleiochrysalis of each form, showing that no assortative mating occurs between the two Japanese forms (unpublished data).
Sampling and electrophoresis. For monitoring PGI genotypes, at about 30-d intervals, three branches were randomly selected from each of the 15 rose plants and all adult females on them were collected with a small brush and put into individual microtubes (1.5 ml). The microtubes were labeled to show which form of mite it contained and from which plant it was obtained. The collected mites were stored at Ϫ20°C for later electrophoresis. Native polyacrylamide electrophoresis using a vertical slab gel was carried out as described by Goka and Takafuji (1992) to determine PGI phenotypes. A separate lane was used for each adult female.
On day 143 as well as on day 268 (the final date of the experiment), all female adults were sampled and their body color was recorded. Because many eggs and immatures were left on the leaves on day 143, it was not necessary to introduce any more mites.
Genetic studies. According to the method used by Hinomoto and Takafuji (1995) , the mites that were collected were classified as belonging to four levels of sub-population: i.e., a leaf, a branch, a plant, and the whole field (the group of 15 plants). Frequencies of genotypes and alleles were calculated for each of the four sub-populations. Genotypic proportions were tested by Chi-square tests to see if they conformed to Hardy-Weinberg expectations. Sub-population differentiation was determined by using F-statistics (Workman and Niswander, 1970; Wright, 1978; Nei, 1987; Hartl, 1988; Daly, 1989) as follows:
where h S is the average expected heterozygosity for each sub-population, h O is the average observed heterozygosity for each sub-population, and h T is the expected heterozygosity for the whole population. 
RESULTS

Laboratory hybridization
All F 1 hybrid females that appeared from the crosses between the green and red forms were reddish ( Fig. 2A-D) . Some of them turned from dark red to bright red just after emergence and these females never laid eggs. Some hybrid females with a darker red or darker green body stopped oviposition after laying just a few eggs, as reported by Gotoh and Tokioka (1996) . Green individuals began to appear after the F 2 generation and they were produced more in the GRG series than in the RGR, RGG and GRR series ( Fig. 2A-D) .
In the RGR cross series, compatible pairs began to appear in the third generation, and were observed through 19 out of 47 crosses in total ( Fig.  2A) . The percentages of the tested pairs that were compatible ranged from 1.0 to 46.7% ( Fig. 2A) . Only three of 15 crosses in the RGG series produced compatible pairs, and their percentages were 1.8, 6.7 and 9.1% (Fig. 2B) . One out of 25 pairs tested in the GR cross (F 1 ) was compatible ( Fig. 2C  and D) . In the GRG series, compatible pairs appeared from 21 of 49 crosses and the percentages of compatible pairs ranged from 1.8 to 46.2% (Fig.  2C) . Nine of 34 crosses in the GRR series produced compatible pairs ranging from 2.7 to 33.3% (Fig. 2D) . Extinction of hybrids, in which no females emerged, occurred in five crosses (Fig. 2 and Appendix 1).
Semi-natural hybridization
The damage to rose leaves from feeding increased as the mite density increased, and some of the heavily damaged leaves fell (Fig. 3) . The mite population then decreased. After new rose leaves opened, the mite density gradually increased again, starting at about 119 d after the introduction of the mites to the plants. On day 143, all adult females were removed, but the population quickly recovered from the remaining eggs and juveniles. The density of adult females showed distinct bimodal peaks on day 56 (1.5 mites/leaf) and day 175 (3.0 mites/leaf), with a drastic reduction of the population density after each peak.
During the first two weeks, no mites dispersed from the plants on which they were introduced to nearby plants, but mites were observed on adjacent plants on day 21 (data not shown). Coexistence of Fig. 3 . Density of adult females (red and green forms combined) of T. urticae on 15 rose plants, and the number of rose leaves of different types per plant over the experimental period. Rose leaves were divided into three categories: undamaged leaves, lightly damaged leaves and heavily damaged leaves. Thin arrows show the times when all adult females on three randomly selected branches from each rose plant were sampled for electrophoresis. Thick arrows (days 143 and 268) denote the times when all adult females on 15 rose plants were sampled. the two forms started on day 28, and then the greenish mites gradually decreased and their distribution was restricted to several plants on and after day 84. After day 224, the number of plants carrying mites gradually decreased. As adult females of the green form used in this study did not enter diapause at any time during the experiment, the reduction in the number of mites seemed to be due to other factors.
Heterozygous females or hybrid females were observed on day 51 by PGI allozymes (Fig. 4) . Thereafter, hybrid females were detected at each sampling time. Hybrid females, which were considered to be of the F 2 or later generations, began to be observed on and after day 113. These mites were of three types: (1) greenish females, which had the F/S genotype because all F 1 hybrids from the crosses between the green and the red forms become red, (2) greenish females having the F/F genotype, and (3) reddish females having the S/S genotype.
At the whole field level, the genotype frequencies significantly deviated from the Hardy-Weinberg equilibrium on day 51, but not on day 71 when the population density was extremely low (Table 1, Fig. 3) . Thereafter, the genotype frequencies significantly deviated from the Hardy-Weinberg equilibrium again on days 113, 143, 176 and 268. However, on day 204, when the leaves were severely damaged by mites and many hybrids that were considered to be the F 2 or later generations appeared, the genotype frequencies did not deviate from the Hardy-Weinberg equilibrium.
The F-statistics are shown in Table 2 . F IS , which tests the deviation from "random mating," was significantly different from zero on days 51, 113, 143, 176 and 268, but not on days 71 and 204, indicating that there was deviation from "random mating" at the five former sampling times. F ST , which measures the genetic differentiation in allele frequencies within the total population, varied largely among the sampling times, but all values for F ST (0.18-0.86) were extremely high when compared with the F ST value (0.04) reported for the green form of T. urticae (Hinomoto and Takafuji, 1995) . This indicated that gene flow between the two forms was limited at each sub-population level.
DISCUSSION
There are several examples of animals and plants in which the fitness of hybrids is similar to or higher than that of the parents (Arnold and Hodges, 1995; Roush, 1997; Burke et al., 1998; Goka, 1998) . In contrast, it is known that hybrids from the crosses between closely related species as well as between local populations are less fit than their parents (Mayr, 1963; De Boer, 1981; Gotoh et al., 1995; Gotoh and Higo, 1997 ). The present study shows that heterozygous mites or hybrids produced from mating between the two forms of T. urticae had an apparent reduction in fitness compared with homozygous or pure mites over five generations: females from the intra-form crosses produced an average of 28.8 female offspring, whereas females mated with males from different forms produced an average of 9.2 female offspring and each F 1 hybrid female produced an average of only 0.5 female offspring (Appendix 1). Furthermore, extinction of hybrids, in which no females emerged, occurred in some crossings. As a result, the percentage of tested pairs that were compatible was less than 50 even at the fifth generation, indicating that there is a strong genetic incompatibility between the two forms.
Compatible pairs tended to appear in crosses between females with R-type cytoplasm and males with R-genes rather than G-genes, and vice versa (e.g., , although an excess of R-or G-genes is more influ- Hinomoto and Takafuji (1995) , who studied genetic changes in the population structure of the green form of T. urticae on strawberries, showed that genotype frequencies on day 47 after introduction significantly deviated from the Hardy-Weinberg equilibrium, whereas those on day 68 did not: i.e., the population reached genetic equilibrium as a whole in a species. This is because intra-form heterozygous mites had the same fitness as the homozygous mites, and random mating prevailed within the population. If random mating occurs between the green and the red forms, it is expected that the genotype frequency would finally reach genetic equilibrium, as shown in the green form of T. urticae (Hinomoto and Takafuji, 1995) . In the present study, however, the genotype frequencies deviated from the Hardy-Weinberg equilibrium at the whole level even on day 268. This shows that gene flow is restricted between the two forms. Furthermore, the present results strongly support the results of Goka et al. (1996) that no gene flow would occur between them in the field by using the malate dehydrogenase (MDH) allozyme.
In the present study, a strong genetic differentiation is present between the two forms even after about 20 generations under semi-natural conditions (Table 2) , which is different from the results of De Boer (1982a) . This discrepancy may be due to the degree of incompatibility between the two forms used: the incompatibility between the two Japanese forms is stronger than that between the two European forms. In crosses between the Dutch green form and the Italian red form, F 1 females showed little or no reduction in egg production (De Boer, 1982a) , which differs somewhat from the results of crossings in the Japanese forms as mentioned above (Appendix 1; Gotoh and Tokioka, 1996; Gotoh et al., 1999) .
The present study clearly shows that the gene flow between the green and the red forms of T. urticae is extremely restricted and a strong genetic differentiation is present between the two forms. Although further studies are needed to determine the phylogenic relationship between the two forms, this phenomenon provides a unique opportunity to understand the evolution of reproductive isolation mechanisms, and the consequences of gene flow between taxa that are assumed to exist in the process of speciation.
